Abstract: Lake level variation is an important hydrological indicator of water balance, biodiversity and climate change in drainage basins. This paper illustrates the use of moderate-resolution imaging spectroadiometer (MODIS) data to characterize complex water level variation in Poyang Lake, the largest freshwater lake in China. MODIS data were used in conjunction with in situ topographic data, otherwise known as the land-water contact method, to investigate the potential of this hybrid water level spatiotemporal variability measurement technique. An error analysis was conducted to assess the derived water level relative to gauge data. Validation results demonstrated that the land-water contact method can satisfactorily capture spatial patterns and seasonal variations in water level fluctuations. The correlation coefficient ranged from 0.684 to 0.835, the root-mean-square-error from 0.79 m-1.09 m, and the mean absolute bias error from 0.65 m to 0.86 m for five main gauge stations surrounding the lake. Additionally, seasonal and interannual variations in the lake's water level were revealed in the MODIS-based results. These results indicate that the land-water contact method has the potential to be applied in mapping water level changes in Poyang Lake. This study not only provides a foundation for basic hydrological and ecological studies, but is also valuable for the conservation and management of water resources over gauge-sparse regions in Poyang Lake.
Introduction
Freshwater lakes are valuable resources for humans and have important regional ecological and environmental functions, such as climate regulation, flood/drought control and the provision of wildlife habitats [1] [2] [3] . Lake level variation is not only an important indicator of the water balance in drainage basins but it is also a useful indicator of climate change [4, 5] . For this reason, detailed water level mapping is of fundamental importance to hydrological studies in aquatic environments. Traditionally, measuring water level has relied on in situ gauge stations [6] , but this method is labor intensive and does not provide continuous spatial data across large areas [7, 8] . Since the 1990s, the growing availability of satellite remote sensing data has increased opportunities for monitoring large rivers from space [9] [10] [11] [12] [13] .
There are several accepted methods for retrieving water levels using various remote sensing data, each of which has its strengths and weaknesses. Radar altimetry is a promising technique for directly detecting water level [14] [15] [16] , but the application of this technique to monitor inland waters has several limitations [17, 18] . For one thing, it is difficult to analyze altimetry waveforms over a complex, varying surface [19, 20] . For another, altimetry is a profiling technique, not an imaging technique; it can only provide a limited footprint of a lake and is unable to depict overall spatial distribution on a regional scale [21, 22] . Moreover, there is an indirect method that uses the water level/area relationship to estimate the water level [23, 24] . However, the derived relationships between water level and area are essentially empirical, and the transferability from one hydro-geomorphological setting to another has not been proven. More recently, several studies have used space-borne radar interferometry to detect water level variations over large lakes, rivers and floodplains [25] [26] [27] [28] . This technique provides a measure of relative but not absolute changes in water level [29] . Although the upcoming Surface Water and Ocean Topography (SWOT) mission will be able to provide surface elevation data at a high spatial resolution [9, 30] , the mission is still being planned.
Water level can also be estimated using the land-water contact method, which uses satellite imagery in combination with high-resolution in situ topographic maps to derive water levels [8] . Several studies have attempted to monitor water level variation by combining the changing land-water contact with in situ topographic data. For example, Matgen et al. [31] retrieved water level maps combining SAR-derive inundation areas with high-precision topographic data and a root mean squared error of 41 cm was obtained. Raclot [32] used this method to extract water levels from aerial photographs on floodplains, which have been shown to be sufficiently precise (mean ±15 cm). More recently, Schumann et al. [33] compared water level derived from water boundaries and different topographic data (LiDAR, topographic contours and SRTM) and demonstrated that water level mapping with low-precision surface elevation data is hardly possible, as the accuracy of the resulting map depends too much on DEM uncertainties and errors both in the horizontal and vertical directions [34] . However, most previous studies primarily focused on small lakes or reservoirs and were limited by the measurement frequency or time span. No studies have addressed the potential of this method to monitor the water levels over a large, complex lake. Satellite observations provide sub-daily water levels, but these data can be inaccurate due to spatiotemporal sampling errors as well as instrument and algorithm errors [10] . Error assessments of the different temporal and spatial data must be conducted to help identify and draw upon the best available information from these different spatial water level datasets. Poyang Lake, the largest freshwater lake in China, which undergoes significant changes in seasonal water level and has a complex benthic topography, presents such a challenging case.
Poyang Lake is one of the most internationally important wetlands in terms of the provision of habitats for migratory birds [35] . In recent years, however, Poyang Lake has undergone remarkable declines in lake size. The changes have greatly affected the spatial availability of freshwater resources, resulting in significant hydrological, biological, ecological and economic consequences in the region [36] [37] [38] . These changes are receiving increasing international attention. For this reason, effective management of water levels for flood/drought prevention, water quality and water safety purposes have become a priority in Poyang Lake. Water level variations and surface gradients in the lake are critical to understand the hydraulic behavior of the large wetland systems [39] and very important for lake ecological conservation and water resource management and utilization [40, 41] . However, like many large lakes, the water level gauge stations in Poyang Lake are sparsely distributed, resulting in poor spatial water level data for the large lake [42] .
This study proposes an alternative water level measurement technique that uses remote sensing observations in combination with ground topographic data, called the land-water contact method. The goals of this study are as follows: (1) to evaluate the accuracy and efficiency of the land-water contact method for estimating water levels in a large lake and (2) to reveal complex spatiotemporal variations in water levels within the Poyang Lake region. This study is organized as follows: Section 2 describes the study area and satellite dataset used; Section 3 states the methodologies used to delineate the land-water contact, estimate water levels and analyze water level variation; Section 4 presents and discusses spatial patterns and temporal variations in the change rate of the lake's water level; Section 5 concludes the study. Our findings are valuable for the conservation and management of water resources over gaugesparse regions.
Study Area and Data

Study Area
Poyang Lake is located in the middle reach of the Yangtze River (28°22′-29°45′N, 115°47′-116°45′E) ( Figure 1) . It is the primary component of the Poyang Lake wetland, which has been included in the first batch of the Ramsar Convention List of Wetlands of International Importance [35] . Poyang Lake runs 173 km from north to south, has a lakeshore circumference of 1200 km and has an average water depth of 8.4 m [43] . As shown in Figure 1 , water from the Xiuhe, Ganjiang, Fuhe, Xinjiang and Raohe rivers flows into the Yangtze River through this lake [44] . The five tributaries split at their mouths and form estuary delta zones along the southwestern edge of the lake. There is a marked difference in the benthic topography of the different lake regions. The northern region is a narrow and deep channel, which exchanges water with the Yangtze River via the Hukou. In contrast, the southern region is relatively wide but shallow. The benthic topography elevation generally decreases from the south (>16 m) to the north (<12 m) [43] .
Poyang Lake has a subtropical climate, with an annual mean temperature of 17 º C and 240-330 days free of frost [43] . The seasonality of precipitation in the five tributary catchments induces significant variations in water flows into the lake throughout the year. In addition to the five main tributaries that drain into the lake, Poyang Lake also receives seasonal reverse-flow from the Yangtze River, which greatly contributes to the complexity of water level variations [45] . In high-water seasons (April-September), the five tributaries flood due to concentrated rainfall. Water levels in the lake reach a peak with the blocking effect of the Yangtze River, and the lake area can exceed over 3000 km 2 [36] .
In low-water seasons (October-March), the lake recedes into shallow depressions and channels. During this time, the lake may lose as much as 90% of its water, and the water surface shrinks to less than 1000 km 2 [43, 46] . 
Data Acquisition and Pre-Processing
Daily MODIS Level-1B data (MOD02_QKM and MOD02_HKM) from 2000-2012 were acquired from the NASA Goddard Space Flight Center (GSFC) (http://ladsweb.nascom.nasa.gov). A total of 466 cloud-free images were used in this study. The MOD02_QKM and MOD02_HKM datasets contain Level-1B calibrated and geo-located radiances for the visible and near infrared (NIR) bands. MOD02_HKM was extracted for digital number (DN) values in the green band (0.54-0.57 μm) at a 500 m resolution, and MOD02_QKM was extracted for DN values in the NIR band (0.84-0.88 μm) at a 250 m resolution. The MODIS green band was resampled to 250 m resolution to match the resolution of the MODIS NIR band. All of the acquired MODIS images were projected in coordinates of Universal Transverse Mercator (UTM) projection with a World Geodetic System (WGS-84) datum, as was the Digital Elevation Model (DEM) data.
Poyang Lake bathymetric data for 1998 and 2011 were obtained from the Hydrological Bureau of Jiangxi Province, China. The data have a horizontal scale of 1:10000 and a vertical accuracy of 0.1 m [47] . A comparison analysis confirmed that the lake's boundary and bathymetry remained stable between 1998 and 2011. The 2011 data were used because they were more recent. The bathymetric data were converted into a DEM with a spatial resolution of 5 m to be combined with the satellite imagery data. First, a linear interpolation was adopted between the surveyed points and lines in the bathymetric data to generate a Triangular Irregular Network (TIN), which is able to preserve the heterogeneity of sampling details [48, 49] . Then, the TIN was converted to a raster DEM with a UTM projection and a WGS-84 datum. However, DEMs are representations of topography with inherent errors that constitute uncertainty [50] . In this study, therefore, the precision of the derived DEM was evaluated by comparison of the interpolated elevation to the 24 GPS measurements, with an average root mean square error (RMSE) of 0.12 m and bias of 0.08 m. In addition, in situ daily water level data were obtained from five gauge stations (Hukou, Xingzi, Duchang, Tangyin and Kangshan) (denoted with black triangles in Figure 1 ). The data were available to validate the estimated lake water level for the period from 2000-2004 and were provided by the Hydrological Bureau of the Yangtze River Water Resources Commission of China. The gauge measures are based on the Wusong elevation system, which differs from that used for the bathymetric data (the 1985-Huanghai elevation system). A constant of 1.836 m was added to the bathymetric data to reduce the difference between the systems.
Methodology
Water Body Delineation
To determine the lake's level, water body boundaries were first delineated. Water body is one of the most discernible features from satellite images due to its special spectral characteristics. It can be extracted with a single-band or a multi-band index [51, 52] . Because electromagnetic energy is strongly absorbed by water in the near-infrared (NIR) wavelength, a combination of the green and near-infrared bands can differentiate water surfaces from most terrestrial features. In this study, we used the normalized difference water index (NDWI) for the delineation [52] . This index has been demonstrated to be efficient and is widely accepted in the automated detection of water surfaces [52, 53] . The index can be described as follows:
where DNNIR and DNGreen indicate the digital number (DN) values in the NIR and green bands of remote sensing imagery, respectively. Using equation (1), the MODIS DN values were transformed to NDWI in this study. An NDWI threshold between water surfaces and non-water features was determined using the generated NDWI histogram. Then, an optimal threshold value was determined to separate water from land [54, 55] . The delineated water surface has an overall accuracy of 96.1%, which was evaluated with 30-m Landsat data in our previous study [38] .
Water Level Mapping
Once the water body is extracted from the satellite images, the water boundaries are used to derive the water level. This principle relies on integrating the position of the land-water contact with a database of bottom topographic points [31] . Each water surface has a contact line with the land at a corresponding water level. Thus, the challenge is to assign topographic values to the pixels corresponding to the water's edge. The process can be described as follows (Figure 2) . First, the water bodies derived from satellite images are transformed into water polygons that have an ArcGIS shapefile format. Next, the water polygons are used to generate vertices where points form the outer edge of the land-water contact pixel. Then, the height values along those land-water borders are extracted from the matched bottom topographic data. Finally, it is possible to contrast the spatial distribution of the water level using Ordinary Kriging algorithm for spatial interpolation from the height values of the land-water borders. Ordinary Kriging is a linear spatial interpolation estimator ) ( 0 x Z used to find the best linear unbiased estimate of a second-order stationary random field with an unknown constant mean as follows [56, 57] :
is a kriging estimate at location 0 x ; Z(xi) is the sampled valued at location xi ; and i  is the weighting factor for Z(xi); and n is the number of measurements used in the estimate. This method employs a semivariogram to estimate spatial correlations and also describes the weights used in the interpolation. It is calculated based on a semivariogram sample with distance, observation value and data samples, as shown in following formula [57] :
where ) ( h  is the estimated semivariance for the distance h, and N(h) is the number of measured point pairs within that distance interval h. ) ( i x z and ) ( h x z i  are sample value at two points separated by the distance interval h. For data analysis, the variogram analysis, model fitting, kriging interpolation and surface output were performed using ArcGIS 9.3. The water level derived method is fully described by Raclot et al. (2006) [32] .
Water Level Validation
Satellite-derived water level values were validated through a comparison with in situ gauge measures from the same date. At each gauge station, the coefficient of determination (R 2 ) was used to evaluate the consistency between in situ measures and satellite-derived water levels. Furthermore, to examine error distributions and statistical goodness of fit, the root mean square error (RMSE) and mean absolute bias error (MABE) were adopted, as described below:
where S is the satellite-derived lake level, M is the gauge station measure, N is the total number of observations, and i represents the order in the sequence. 
Results and Discussion
Accuracy Assessment of Satellite-Derived Water Levels
For satellite-derived water levels at all the gauging stations, comparisons with in situ measurements are shown in Figure 3 Figure 4 depicts the errors of derived water levels at five stations during different water regimes. The mean error was less than 0.8 m during the rising water period (March-May) and the retreating period (September-November). However, the mean error was comparatively large during the high-water (June-August) and low-water periods (December and February). Particularly, the mean error during the high-water period exceeded 1 m at the northern stations (Figure 4) . Overall, the mean error was within 10% of the maximum variability of the lake. Inferentially, although the water levels extracted from the MODIS data have relatively large errors during the high-water period, they still reflect overall water level variation patterns. This suggests that the land-water contact method may reveal water level variability in large lakes. The errors may stem from several possible sources associated with the application of the land-water contact method in a large lake. First, the accuracy of the derived water levels depends on the geometric precision of the satellite imagery, as well as on the accuracy of the water body delineation method. It is difficult to precisely link in situ water level measurements with satellite image pixels. Second, the errors of the derived water levels are associated with uncertainties related to the constructed DEM. We used a Monte Carlo simulation method [50] to evaluate how DEM errors impact the derived water levels. The results showed that both DEM grid size and vertical accuracy could have effect on the derived water level. Third, the errors in water body boundaries delineated from remote sensing data may be attributable to the limited spatial resolution of the satellite image. During the low-water seasons, Poyang Lake is separated into hundreds of smaller water bodies. Some water bodies are too small to be accurately delineated as water, and mixed pixels emerge with relatively high frequency. As a result, the mean absolute bias error (MABE) for derived water level was generally higher than that for the rising and retreating water periods (see in Figure 4 ). During the high-water seasons, the lake appears as one water body, and almost all parts of the lake connect as a whole. In this case, the landwater contact line is only located on the lake bank, but the lake bank is very steep, especially in the northern part, requiring a fine-resolution image to precisely capture water level. During the rising and retreating seasons, the problems associated with these errors are not as important as in the other two periods, and as a result, the derived water level has a lower MABE (Figure 4) . Certainly, other factors can also affect the derived water-level, including the accuracy of the lake bathymetric data, the spatial interpolation method and the fluctuation of the lake waves. Particularly, topographic effects may be significant. As shown in Figures 4 and 5 , the errors in derived water levels differ between the five stations, an issue that is attributable to topographic variability from north to south. For example, the lake bank is relatively steeper in the north than in the south, resulting in relatively large errors in the north. Although the land-water contact method has proved to be effective, the associated errors deserve further investigation.
The Seasonal Water-Level Distribution Pattern
Based on the derived daily water level maps, a monthly mean water level distribution map was generated using average daily values for each month within each cell. Figure 5 shows seasonal spatial variations in water levels for the study period (2000-2012). As an ephemeral lake, Poyang Lake exhibits seasonally varying water covers [43] . During the low-water periods, the lake bottom may be bare ground covered by mud or grass. Therefore, for better visualization, the data of these cells with no water cover have thus been excluded to map the spatial patterns of lake water levels. These values are also listed in Table 1 . Lake water levels were generally higher in the southern sections of the main lake, especially during the low-water, rising water and retreating water periods. During the high-water period, water levels became nearly the same throughout the lake. Likewise, the overall monthly mean of water level appeared to have a distinct seasonality ( Figure 5 , Table 1 ). The monthly mean during the high-water period was more than 50% higher than that of the low-water period for the entire lake region. With the exception of the lake depressions and several artificial lakes (such as Jinxi Hu, Qinglan Hu and Chenjia Hu), only the main channel was inundated during the low-water period, and this meandered narrowly and exhibited decreased water levels from south (~12 m) to north (~9 m). During the water rising period, water levels gradually increased from north to south, a pattern that was especially dominant in the lake's main body and nearby Tangyin Island. In this period, water levels across the entire lake exhibited the highest spatial variability in March (SD = 3.94 m) and April (SD = 3.87 m). In contrast, water levels were highest across the lake in July (mean value = 13.58 m), and spatial variability decreased to a minimum, suggesting a flat lake surface in the high-water period (i.e., SD = 2.48 m in July and SD = 2.50 m in August). After that, the water level decreased slowly from south to north, with water levels dropping first in the south and a water level gradient reappearing in the main lake body of the lake. Notably, artificial lakes lying in the southern regions did not change throughout the years. This is primarily because they are disconnected lateral lakes and exist independently of the hydrological influence of Poyang Lake in order to control flooding and facilitate their management [36] . To examine the regional differences in annual water level variations, the spatial variation of annual mean water levels was generated ( Figure 6 ). The darker blue color indicates high variation amplitude, and the darker red color indicates low variation amplitude in a cell. Overall, the lake depressions (mainly lying to the east of the main lake body), and the southern artificial lakes exhibited the lowest variation amplitude (0-2 m). Likewise, the variations were small at the entrances to the five rivers because of the hydraulic connectivity between the lake and the rivers. In addition, the main channel of the lake exhibited relatively high variation amplitudes, with differences ranging from 2 m-6 m. On both sides of the lake channel, the variation amplitude increased to 6-8 m. In the estuary delta zones, the magnitude of variation was highest, reaching up to 12-13 m in some regions. This was the most obviously appreciable in the Wucheng National Nature Reserve and Nanji Wetland Nature Reserve, which lie in the southwest of Poyang Lake. Indeed, the high variation amplitude was closely related to the lake inundation or exposure, which is valuable knowledge that may support efforts to increase biodiversity in these regions. Figure 6 . Mean water level variation amplitude (unit: m) between high-water and low-water periods during a year. The darker blue color indicates a higher amplitude of variation, and the darker red color indicates a lower amplitude of variation in a cell.
Inter-Annual Spatial Variability of Water Levels
In addition to the seasonality of water level, the most striking result of this analysis was the inter-annual variability observed in Poyang Lake (Figure 7) . Generally, annual mean water levels in the estuary delta zones were lower than those in the northern lake body. This phenomenon was likely controlled by the lake's bathymetry (i.e., the lake bottom in the south is higher than that in the north). Because water in Poyang Lake normally flows from south to north, the south estuary delta zones may only fill when the northern lake body is at capacity. This may result in relatively low water levels in the southern parts throughout the year. Likewise, significant inter-annual variability was observed throughout the study period, as shown in Figure 7 . Before 2003, mean water level in this lake was high and relatively stable. However, during 2003-2011, with the exception of 2010, mean water level in the lake was significantly depressed. The decrease was greatest in 2011, suggesting that the lake and its basin experienced a severe drought in 2011. Indeed, it was reported that Poyang Lake had experienced its worst drought since 2003 [37] . An exceptional decrease in water levels can result in scarcity of water throughout the region, which may directly impact the lake's ecosystems. In addition, it is evident that comparatively high water levels appeared again in 2012. Mean water level values were generally high throughout the lake, indicating a high water year. This result was consistent with a news report indicating that Poyang Lake rose above the alert water level in 2012 [58] . 
Water Level Gradient Variability within Poyang Lake
Water level gradient variability is the most important determinant of distribution patterns of plant species in Poyang Lake [39] . To investigate the water level gradient variability during the study period (2000-2012), a spatial analysis that identified space-time water level variability was performed on a distance-time cross section along the main lake channel. The main channel is illustrated as a red line in Figure 1 . The water level along this profile was first extracted from the water level distribution maps at a sample interval of 1 km. Then, the extracted values were interpolated to a spatially-averaged water level evolution map from January-December. Figure 8 shows variation patterns of spatially-averaged water levels for three typical water years. (Figure 8c ). The first encompassed the dry seasons (January-May and October-December) and the second encompassed the wet seasons (June-September). During the dry seasons, water level gradients were relatively high from north to south. During the wet seasons, water levels were basically the same from south to north. During the high-water year (2012), evenly spaced contour lines suggested a mild water gradient throughout the year. Relatively low water levels appeared in January-May (8-9 m) and November-December (10 m) in the southern region of the lake. In these two periods, the lake formed a narrow water channel with a comparatively high water level gradient (8-9 cm/km) in the south at 128 km. In contrast, during the low-water year (2011), the lake's mean water level was much lower than throughout 2012, and a large gradient emerged from south to north. The water gradient even reached 30 cm/km, not only in the dry season but also in the wet season. In the wet season (June-September), there was also a large gradient at the southern end of the lake, nearly 128 km from the Hukou station. In the dry season, the large gradient shifted northwards close to 96 km, and a small gradient appeared in the northern section of the lake.
Conclusions
This study investigated spatiotemporal variations in water levels across the largest freshwater lake in China using MODIS data collected from 2000-2012. The land-water contact method was applied to derive water levels from both MODIS data and in situ topographic data. This was the first time the MODIS images have been used together with lake bathymetric data to study water levels in a large lake. Validation using gauge data showed that the land-water contact method satisfactorily captured the spatial patterns and seasonal variations of Poyang Lake's water level fluctuations. R 2 ranged from 0.684-0.835, RMSE from 0.79 m-1.09 m, and MABE from 0.65 m-0.86 m at the five gauge stations surrounding the lake. Spatially, errors in the derived water levels were higher at northern stations compared to southern stations. Temporally, errors in the high-water and low-water periods were higher than those found in the rising and retreating water periods. Overall, the errors were within 10% of the maximum variability of the lake, yielding a high degree of confidence that this method reveals complex changes in the lake's water level. Despite the errors associated with the limited resolution of the MODIS data and complex lake bathymetry over the study region, this study demonstrated the capacity of these data to reveal seasonality and inter-annual trends in the lake's water level. The assessment provides valuable information for ongoing efforts to improve the land-water contact method using MODIS data for large, complex lakes. In addition, spatiotemporal changes within the lake were investigated using derived water levels. Temporally, water levels increased over 50% from low-water period to the high-water period across the entire lake region. Spatially, the variation amplitude of water level was relatively low in the inlets of the five tributary rivers throughout year. In contrast, the variation amplitude was relatively high along the main channel of the lake. On both sides of the lake channel, the variation amplitude was between 6 and 8 m, with higher values occurring in the north. The variation amplitude exhibited the highest values in the estuary delta zones. At the inter-annual scale, the water levels were high and remained relatively stable before 2003. From 2003-2011, lake water levels were significantly depressed. This decrease was most striking in 2011, suggesting that the lake experienced a severe drought in 2011.
Our analysis indicated that the land-water contact method had the potential to be applied in mapping water level changes in large lakes. The produced map could supply unprecedented spatial patterns of lake water levels throughout Poyang Lake. The results also provide a data foundation for hydrological and ecological studies, which are valuable for water resources management and ecological conservation over gauge-sparse regions in the large lake.
